Zinc germanium phosphide
is a chalcopyrite structure semiconductor with a minimum pseudodirect band gap of _2.1 eV at room temperature, l It has a relatively large second-order susceptibility tensor component (d36=75 pro/V) and an attractive transparency range 2 extending from 0.67 to 13 /an. In view of its substantial birefringence of 0.36%, ZnGeP 2 is thus suitable for phase-matched nonlinear optical applications in the infrared, e.g., the fabrication of optical parametric oscillators and harmonic generation/sum frequency mixing based on powerful infrared laser sources. 3
In addition, ZnGeP 2 is of interest in the context of nearly lattice-matched heteroepitaxy of compound semiconductors on silicon. 4
The phase relations in the ternary system Zn, Ge, P are documented on the ZnP2-Ge pseudobinary, indicating a congruent melting point at composition ZnGeP 2.5 ZnGeP2 single crystals have been grown from the melt by the gradient freezing z and horizontal Bridgman methods. 6 Recently we have reported the growth of ZnGeP 2 crystals by high pressure physical vapor transport 7 and the heteroepitaxial organometallic chemical vapor deposition growth of ZnGeP2 on GaP and Si substrates, respectively, s ZnGeP 2 crystals grown from the melt are semi-insulating (p_106 fI cm) and exhibit p-type conductivity.
The carrier mobility in such crystals is 10 cm2/V s_</t_<40 cme/v s at a net acceptor concentration of 10 _°cm-3<_NA--ND<_IO12 cm -3, suggesting a high compensation level (1019 cm-3). 9
ZnGeP2 crystals grown by metalorganic chemical vapor deposition and high pressure physical vapor transport (HPVT) are low resistivity p type and high resistivity n type, respectively. In the optical absorption spectra at room temperature bands at 1.31, 1.46, 1.58, 1.67, and 1.80 eV are°b served.l°Annealing of the crystals for 300 h at 500°C was found to be effective in reducing the residual absorption in the 0.67-3/zm region. 11 Polarized photoluminescence (PL) and cathodoluminescence studies revealed bands in the 1.3-1.4 and 1.6-1.7 eV region, which were assigned to tra|asitions between conduction bands states and a deep triplet acceptor band. 12 PL studies extending over the visible and inflated wavelength range (500-1700 nm) reveal, independent of the method of growth, a broad emission band with peak position at 1.2 eV. The luminescence was detected with a Gaht_ photomultiplier tube (PMT) and a Ge detector, being cooled with liquid nitrogen and having cutoffs at _1.2 and 0.7 eV, respectively. This combination of detectors is essential since, due to the cutoff at 1.2 eV, the use of the PMT results in a false peak position of the infrared luminescence near 1.3 eV. Figure 1 shows typical PL spectra for (a) ZnGeP 2 platelets grown by the HPVT method and (b) ZnGeP2 cut from a bulk single crystal grown by the gradient freezing method. The structure near 0.9 eV is due to H20 absorption.
In the vicinity of the nucleation point, HPVT grown ZnGeP2 crystals exhibit additional near-edge emission, which shifts toward the infrared upon continued growth. After prolonged periods of HPVT only the 1.2 eV PL remains. The PL of as-grown bulk single crystals is also dominated by 1.2 eV emission with a high energy shoulder extending to -1.8 eV. Annealing of the crystal in vacuum at 500°C for 400 h results in a substantial increase of the 1.7 eV emission relative to the 1.2 eV emission.
In order to check as to whether or not the points defects that give rise to the higher energy emission are preferentially formed near the surface, we removed -1 /_m from the surface of the annealed crystal by etching, which caused a significant lowering of the PL near 1.7 eV. Figure 2 shows a PC spectrum for the same bulk crystal in the as-grown state. The PC reveals subband-gap excitation extending to -1.6 eV with three characteristic peaks at 2.5, 2.85, and 3.2 eV. Figure 3 shows the changes of the absorption coefficient in the transparency region of the same ZnGeP2 crystal that occur in the course of the annealing at 500°C. A significant reduction in the near-infrared absorption is observed. Studies of the time dependence of the PL in the range 1.2-1.6 eV, which will be described in more detail in a forthcoming publication, 13 reveal hyperbolic decay behavior. The decay time decreases toward higher energies. Upon increasing the limits on the time window, the time-resolved spectra of the broad emission band exhibit a shift of the high energy edge to lower energies. For a given time window the intensity of the high energy edge of the PL decreases with increasing temperature between 5 and 100 K. Because of the hyperbolic decay of the PL, we interpret the steady state luminescence shown in Fig. 1 in terms of transitions between donor and acceptor states associated with energy subbands in the band gap of ZnGeP2 that are shown in Fig. 4 . The broad PL band, peaked at 1.2 eV, can be attributed to transitions between donor (D1) and acceptor (A l) states that are associated with subbands below the absorption edge having a center distance of 1.2 eV. Explaining the structure in the PC spectra by transitions between filled This work has been supported by NSF Grants DMR 9202210 and SBIR No. III-9316988 and NASA Grants NAGW-2865 and NAS 1-19586.
